CBeTjioii naMaTH Bjia^HMHpa AjieKcaH,n;poBHHa >KerajiHHa 
(1947-2002) — y^HTejia <pH3HKH, kotopbih yMeji 3aHHrepeco- 
BaTb cbohx yneHHKOB, h TeM caMBiM onpe^ejiHji moio ^ajiBHeft- 

niyiO JKH3HB. 



Cnei^HajibHaH TeopHH OTHOCHTejibHOCTH 

AH^pefl rpo3HH 

AHHOTau,HH 

B 3Toit CTaTte KpaTKO h (h Hajreiocb) /rocTynHO H3JiaraioTCH ocHOBHbie nojiojKeHHH 
cneuHajibHOH TeopHH OTHOCHTejibHOCTH. 51 CTapajica noKa3aTb, hto TeopHH othoch- 
TejibHocTH He tojibko He npoTHBopeHHT 3/i,paBOMy cMbicjiy, ho, Hao6opoT, JIOrHHeCKH 
cjie/ryeT H3 Hero. IIojtpo6ho o6cyjK/i,aeTCH reoMeTpna npocTpaHCTBa-BpeivieHH Mhh- 
KOBCKoro. TeoMeTpHHecKHli nojrxojj, (c mhhhmymom (J)opMyji) no3BOjiaeT c^ejiaTb bm- 

BOJTbl TeopHH OTHOCHTejibHOCTH HarjIHJJ,HbIMH H HHTyHTHBHO OHeBHflHblMH. 51 HCnOJIb- 

30Baji pa/niojiOKainioHHbiH noflxofl Bohjth, KOTopbift no3BOjiaeT npniiTH k BbiBO/jaivi 
TeopHH KpaTHaiiiHHM nyTeM. 

1 IlpOCTpaHCTBO— BpeMH 

IlpocTpaHCTBo-BpeMH — 3to MHoxecTBo Bcex coGbithh. CoGbithc xapaKTepH3yeTC3 TeM, 
hto npoH3onijio r^;e-TO h Kor^a-TO. Oho o^HOSHaHHO onpe^ejiaeTCH HeTBipBMH HHCJiaMH - 

MOMeHTOM BpeMeHH H TpeMH npOCTpaHCTBeHHBIMH KOOp^HHaTaMH. To eCTB npocTpaHCTBo- 

BpeM3 HeTBipexMepHO. Bee co6bithh, npoH3onieflniHe c HacTHpeft, o6pa3yioT ee MHpoByio 
jihhhio. B KajK^Bifl MOMeHT BpeMeHH nacTHpa r^,e-To HaxcflHjiacB, a sto yace coGbithc. 
MnpoBaa jihhhh npe^cTaBjiaeT co6oh o^HOMepHoe no^MHOJKecTBo npocTpaHCTBa-BpeMemi. 

PncoBaTB HeTBipexMepHBie KapTHHKH ^obojibho Hey^o6Ho, nosTOMy mbi 6ya;eM b ochob- 
hom paccMaTpHBaTB flBHJKeHHe nacTHH, b^ojtb npHMofl. Tor,n;a npocTpaHCTBo-BpeMH ppy- 
MepHO, h ero jierne ce6e npe^CTaBHTB. HanpHMep, Ha pnc. [T]noKa3aHO ^BHaceHHe noe3,n;oB 
MeTpo. 

Kaac^BiH Ha6jHo^;aTejiB HMeeT npn ce6e nacBi, h mojkct H3MepaTB BpeMH co6bithh Ha 
CBoefi MHpoBOH jiHHHH. Mbi npHMeM nocTyjiaT, hto cymecTByioT npaBHjiBHO npymjie nacBi. 
IloKa3aHHH ^Byx npaBHjiBHBix nacoB o^Horo Ha6jHo^aTejiH MoryT oTjinnaTBCH jihhib bbi6o- 
poM Hanajia oTcnera (ecTecTBeHHo, npe^nojiaraeTCH, hto THKaHBe pa3HBix nacoB npHBe^eHo 
k e^HHofl e^HHHn;e H3MepeHHH BpeMeHH). Bonpoc o tom, kbr c,n,ejiaTB npaBHjiBHBie nacBi, 
othochtch He k cpH3HKe npocTpaHCTBa— BpeMeHH, a k cpH3HKe HacejiHiorneH ero MaTepHH. 
Oh KpaTKO o6cy>K^aeTCH b npHjioxceHHH [A] (Heo6H3aTejiBHOM ^;jth noHHMaHHH ocHOBHoro 
TeKCTa). Ha6jno,naTejiB He MoaceT Henocpe^cTBeHHo H3MepHTB BpeMH co6bithh BHe cBoefl 
mhpoboh jihhhh. 3tot npopecc HeH36e>KHo BKjiioHaeT b ce6ii nepe^any cnrHajioB, h 6yn;eT 
no^;po6Ho paccMOTpeH b § [2j 
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CTaHHiia 1 



Ctelhuhh 2 



Phc. 1: MnpoBbie jihhhh nepBbix h nocjieiXHHX BaroHOB; /XBHXceHHe noe3^a onHCbraaeTCH 
/XByMepHoft o6jiacTBio MejK/xy hhmh. 



,U,onycTHM, HaGjiio^aTejiB 1 nocbuiaeT cnrHaji HaGjiio^aTejiio 2 b momcht t 1; a tot HeMejb- 
jieHHo nocbuiaeT CHraaji oGparao (pnc. [2]). JIorHnecKH, mojkho npe^cTaBHTB ce6e Tpn bo3- 
mojkhocth: 

• Bo3Mo>KHa CHTyairns, Kor^a t 2 < t\, to ecTB oTBeTHbift CHraaji npHxo/XHT paHbine 
oTnpaBjieHHH nepBoro ciirHajia. K cnacTbio, 3Ta bo3mo>khoctb He cooTBeTCTByeT Ha- 
rneMy peajibHOMy Mupy; HHane npo npHHHHHocTb mojkho Gmjio 6bi 3a6biTb. 

• Pa3HocTb t2 — t\ nojio>KHTejibHa, ho MoaceT 6biTb quejiaHa cKOJib yro/jHo Majiofl nyTeM 
Bbi6opa no^xo^HHiHX cnrHajiOB h TexHHHecKHX ycoBepnieHCTBOBaHHH. B stom cjiynae 
mojkho bb6cth aGcojuoTHoe BpeMH, o/XHHaKOBoe rjik Bcex HaGjuo^aTejiefl. Hmchho Tax 

BCe H JjyMajIH flO C03/i;aHHJI TeopHH OTHOCHTejIbHOCTH. 

• Pa3HocTb t2—t\ He MoaceT 6biTb c^ejiaHa MeHbnie HexoToporo nojioncHTejibHoro 3Ha- 
H6HH5I . To ecTb cymecTByeT HanGbicTpeHHinfi cnrHaji. Kax noKa3biBaioT 3KcnepHMeH- 
tm, HMeHHo Tax ycTpoeH peajibHbiii MHp. 

TaKHM HaH6bicTpeiiHiHM cHinajioM HBjraeTcs cBeT (a Tax>Ke rpaBHTaniioHHbie BOJiHbi). 

3TO CB5I3aHO C T6M, HTO (pOTOHbl (h rpaBHTOHbl) — 6e3MaCCOBbie HaCTHHbl (§[5]). O/XbiaKO, 

KOHKpeTHaa npnpo^a HanGbicTpenninx cnrHajiOB He aBjiaeTCH BaJKHofl ^jih TeopHH othoch- 
TejibHocTH. Ecjih Korfla-HH6y^b y cpoTOHa o6Hapy>KaT oneHb MajieHbKyio HeHyjieByio Maccy, 
to 3to 6yn;eT cepbe3HbiM noTpaceHHeM rjik TeopHH 3jieKTpoMaraeTH3Ma, ho HHKaK He 3a- 

TpOHeT OCHOB TeopHH OTHOCHTejIbHOCTH. BaJKeH TOJIbKO CaM (paKT, HTO HHKaKOH CHrHajI He 

MoaceT GbiTb GbicTpee nero-To. Mbi 6yn;eM rjik onpejj;ejieHHocTH Ha3biBaTb HanGbicTpefiniHe 

CHrHajIbl CBeTOBBIMH . 

IlycTb co6biTHe O 6yn;eT B3pbiBOM 6om6bi. Torjj;a Ha6jnojj;aTejib cHanajia yBHJXHT Bcnbini- 
Ky (co6biTHe A), a noTOM yxce Ha Hero nocbinjnoTCH ockojikh (pnc. E])- MnpoBbie jihhhh 
CBeTOBBix cnrHajiOB, HcnymeHHbix b tohkc O, o6pa3yioT cbctoboh nojiyxoHyc Gy/xymero 
3Toro co6bithh. Co6biTHe O Mo>KeT BjiHSTb Ha co6biTHH, jie^KaiHHe BHyTpn (h Ha rpaHHii;e) 
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Phc. 2: 06MeH CHraajiaMH. 



SToro nojiyKOHyca, npn noMomn CBeTa h ^pyrnx CHraajiOB (HanpHMep, ockojikob). 3Ta 
o6jiacTb npocTpaHCTBa-BpeivieHH Ha3biBaeTca 6ydyui ) UM co6bithh O. 



AHajiorHHHo, MHpoBBie jihhhh cBeTOBBix CHraajiOB, npHxcflaiHHx b TOHKy O, o6pa3yioT 
CBeTOBoii nojiyKOHyc npouuioro 3Toro co6bithh. Co6bith5I BHyrpn (h Ha rpaHHH,e) 3Toro 
nojiyKOHyca MoryT bjihhtb Ha coGbiTHe O. 3t& oGjiacTb Ha3BiBaeTcs npomAUM coGbithh O. 
06jiacTb npocTpaHCTBa-BpeMeHH BHe cBeTOBoro KOHyca Ha3biBaeTCH ydaAennuM coGbithh 

O (pHC. Hj). Co6bITHH H3 3TOH oGjiaCTH He MOryT BJIHHTB Ha O, H O He MOJKeT BJIHHTb Ha 
HHX. 

Cbctoboh KOHyc b TpexMepHOM npocTpaHCTBe-BpeMeHH (^Be npOCTpaHCTBeHHBIX KO- 
op^HHaTBi) noKa3aH Ha pnc. [5j Bynymee Haxo^HTca BHyTpn CBeTOBoro nojiyKOHyca 6yny- 
m;ero; nponijioe — BHyTpn CBeTOBoro nojiyKOHyca nponijioro; yn;ajieHHoe — BHe CBeTOBoro 
KOHyca. B neTbipexMepHOM npocTpaHCTBe-BpeMeHH cbctoboh KOHyc — sto TpexMepHaa 
noBepxHOCTb, HapncoBaTb KOTopyio TpyziHee. 




Phc. 3: B3ptiB 6om6bi. 
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Phc. 4: Bynymee, npouuioe h yn;ajieHHoe co6l»iths O. 




Phc. 5: Cb6toboh KOHyc. 



2 Ilpeo6pa30BaHH5i Jlopemja 

HacTHija, Ha KOTopyio He ^eflcTByioT HnxaKHe chjibi, ^BHJKeTca no HHepnHH. IipHHHHn ot- 
HOCHTejibHOCTH TajiHjies rjiacHT, hto ece UHepvxiaAbHue Ha6AwdameAU paenonpaenu. Ecjih 
o^hh HHepn;HajiBHBiH Ha6jHO^;aTejiB nocTaBHji Kaicon-To 3KcnepHMeHT h nojiynnji HeKOTo- 
pbift pe3yjiBTaT, a ,n;pyroH HHepn,najiBHBin Ha6jno,n;aTejib nocTaBHji TaKoft >Ke aKcnepnivreHT, 
to oh nojiyHHT TaKoli ace pe3yjibTaT. 

,H,onycTHM, ,n;Ba HHepn,najiBHBix Ha6jno,n;aTejiH npojieTejin mhmo ^pyr ^pyra (co6biTHe 
O, pnc. [6]). Hx nacbi ycTaHOBjieHbi bOb Tonice O. Ha6jno,n;aTejib 1 noonaji cBeTOBon cnrHaji 
b MOMeHT BpeMeHH ti (no cbohm nacaM); HaGjno^aTejiB 2 ero npHHHji b momcht t% (no cbohm 
nacaM). Tor^a 



r^;e BejinnnHa tp Ha3BiBaeTCH yrjioM Mejfyry mhpobbimh jihhhhmh HaGjno^aTejieii 1 n 2. 

IIoneMy stj BejinnnHy ecTecTBeHHO Ha3BaTb yrjioM? PaccMOTpnM Tpex HHepirnajiBHBrx 
Ha6jno^aTejien, ^BHJKyuiHXCH b o^hoh njiocKOCTH. IlycTb nx MnpoBbie jihhhh nepecexaioTca 
b o^hoh TOHKe (O, pnc. [7]). Tor^a 



t 2 = t ie *, 




t 2 = t x e Vl2 , t 3 = h e^ 13 = t 2 e V23 , 
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Phc. 6: ,U,Ba HHepnHajiBHBix Ha6jno,n;aTejiH. 

OTKy^a cjie^yeT 

^13 = ^12 + ^23, (2-2) 

KBK B oGblHHOH eBKJIH^OBOH reOMeTpHH. IIoflHepKHeM pa3, HTO npOCTOH 3aKOH CJIOJKe- 

HH2 yrjIOB (12. 2 P BepeH TOJIbKO fljlfl MHpOBBIX JIHHHH B OflHOft njIOCKOCTH (KaK H B eBKJIH^O- 

boh reoMeTpiin) . 



1 2 3 




A 

Phc. 7: Tpn HHepnHajiBHBix Ha6jiK)flaTejiH b o^hoh hjiockocth. 

IlycTB TenepB Ha6juo^;aTejiB 1 nocBijiaeT cbctoboh cnrHaji b momcht ti (no cbohm na- 
caM); Ha6jno,n;aTejiB 2 nojiynaeT ero b momcht t (coGbithc A), h cpa3y nocBijiaeT otbcthbih 
curHaji; HaGjiio^aTejiB 1 nojiynaeT ero b momcht t 2 (pnc. [8]). Kax mbi 3HaeM, t = t\ e^; 
KpoMe Toro, t 2 = te^, Be,nB Ha6jno^aTejiH 1 n 2 paBHonpaBHBi. SHannT, 

t 1 = te~ <p , t 2 = te ip . (2.3) 

Co6BiTHe A npoH3onijio BHe mhdoboh jihhhh Ha6jno^;aTeji5i 1, nosTOMy oh He mojkct 
Henocpe^cTBeHHo H3MepHTB BpeMH 3Toro co6bithh no cbohm nacaM. Han6ojiee ecTecTBeHHo 
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Phc. 8: 06MeH cHrirajiaMH Meac^y ^ByMH HHepHHajibHMMH Ha6jno,naTejiHMH. 



onpe^ejiHTb BpeMa co6mthh A c tohkh 3peHHH Ha6jno,n,aTejia 1 KaK cepe^HHy HnrepBajia 
[ti,^]) TaK KaK cBeTOBofl cHmaji pacnpocTpaHaeTCH b o6e ctopohbi o^HHaKOBo GbicTpo. 
IIo toh ace npHHHHe, HanGojiee ecTecTBeHHo onpe^ejiHTb Koop^HHaTy coGmthh A c tohkh 
3peHHH HaGjiio^aTejiH 1 KaK nojioBHHy 3Toro npoMexcyTKa BpeMeHH. Ckopoctb HanGbicT- 
pefiinero cnrnajia mm npHHHMaeM 3a 1, hto cbnKCHpyeT ecTecTBeHHyio eflHHHHy H3MepeHHH 
paccToaHHs; cHraaji nponyTeinecTBOBaji ot HaGjiio^aTejiH 1 ,a,o co6mthh A h o6paTHo. Ta- 
khm o6pa30M, no onpe^ejieHHio, BpeMeHHan h npocTpaHCTBeHHaa Koop,n;HHaTbi co6mths A 
C TOHKH 3peHH5I HaGjno^aTejis 1 eCTb 

x° = ^, x^^i. (2.4) 

IIo^cTaBjiaa (12. 3D . nojiynnM 

x° = t cosh , x 1 = tsin\np. (2-5) 
Mbi npninjiH k onem. Ba>KHOMy pe3yjibTaTy: BejinnnHa 

x 2 = (x ) 2 - (x 1 ) 2 = t 2 (2.6) 

He 3aBHCHT OT TOTO, KaK flBIDKeTCH HaGjIIO^aTejIb 1 (t. e. OT if). KoMnOHeHTM x°, x 1 BeKTopa 

x (h3 tohkh O b TOHKy A) pa3JiHHHM rjik pa3Hbix HaGjiro^aTejiefi; HHBapnaHTHyio Bejinnn- 
Hy x 2 ecTecTBeHHo Ha3BaTb KBa^paTOM ^jihhm BeKTopa x, t. e. KBa^paTOM paccTosHHsi ot 
O ro A. 3to paccTOHHHe ecTb t, to ecTb HHTepBaji BpeMeHH Me>K^ry coGmthhmh O h A no 
nacaM HaGjno^aTejiH 2 (o6a coGmthh jieacaT Ha ero MnpoBofi jihhhh). OopMyjia (12.6P ^jih 
KBa^paTa ^jihhm BeKTopa oTjinnaeTca ot npnBMHHon eBKjiHflOBoii TeM, hto bmccto 3Ha- 
Ka + Me>K^;y ^ByMH njieHaMH ctoht 3HaK — . IIoaTOMy reoMeTpna npocTpaHCTBa-BpeMeHH 
Ha3MBaeTca nceB^oeBKjiH^OBOH (hjih reoMeTpnen MnHKOBCKoro). 
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H3 cbopMyjibi (j2.5p bh/j;ho, hto npHBBiHHaa: HbioTOHOBCKaa cxopocTB Ha6jiioflaTejia 2 no 
OTHoineHHio k Ha6jno^aTejiio 1 ecTt. 

— = tanh tp 
x u 

(oHa Bcer^a < 1, h erpeMHTcs: k 1 npn tp — > oo). 3t& BejiHHHHa, oflHaico, Heyn,o6Ha; ynp6Hee 
HcnojiB30BaTB yroji (p Meac^y mhpobbimh jihhhhmh, o6jiaflaK>m,Hii ecTecTBeHHBiM cbohctbom 

a^mHTHBHOCTH (12. 2\l . 

KaK CBH3aHBI KOOp^HHaTBI X°, X 1 Co6bITHH A C TOHKH 3peHH3 Ha6jno,n;aTeji5i 1 H KOOp^H- 

HaTbi x ', x 1 ' Toro >Ke co6bithh c tohkh 3peHH5i Ha6jiK)flaTejia 2, MHpoBaa jihhhsi KOToporo 
o6pa3yeT yroji ip c mhpoboh jihhhch Ha6jno,n;aTeji5i 1? H3 pnc. |9]mbi bh^hm 

/' 4- /' t' — f 

x 0i _ L l 3; L 2 x ll _ l 2 l l 



2 ' 
r^e 

t' 1 = t ie *, t' 2 = t 2 e^. (2.7) 

IIoflCTaBjiaa 

= x° - x 1 , i 2 = x° + x 1 , 

mbi oKOHiaTejiBHo nojiynaeM 



™° cosh ip — x 1 sinh , x 1 ' = — x° sinh + x 1 cosh (2-8) 



x = x 



3to npeo6pa30BaHne Jlopemja. Jlerxo npoBepnTt, hto KBa^paT ,h;jihhbi BeKTopa x HHBa- 
pnaHTeH: (x 0/ ) 2 — (x 1 ') 2 = (x ) 2 — (x 1 ) 2 . IIpeo6pa30BaHHe Jlopemja npome BBirjiH^niT b 
Koop^HHaTax CBeTOBoro (pponra (npnjiojKeHne [B]) . 



3 TeoMeTpHa MHHKOBCKoro 

PaCCMOTpHM BeKTOp X H3 TOHKH O B TOHKy A. Bo3MO)KHBI TpH CJiyHaH (pHC. H]): 

• x 2 > — BpeMeHHno^o6HBiH BeKTop, mojkct 6bitb HanpaBjieH b 6ynyiii;ee hjih b 
nponijioe (co6bithc A jicjkht b 6yn;yineM hjih nponijioM co6bithh O). IIpoH3Beja;5i 
noflxoflHin;ee npeo6pa30BaHne Jlopemja, mojkho jjpGnTbcs Toro, hto6bi efljmcTBeHHoft 
HeHyjieBofl KOMnoHeHTOH Gbijia x° (rjis 3Toro ^ocTaTonHo npoBecTn MnpoByio jihhhio 
HaGjno^aTejiH nepe3 O r A). 

• x 2 = — cBeTono^oGHbifi BeKTop, HanpaBjieH Bjj,ojib CBeTOBoro KOHyca b Gynymee 
hjih nponijioe (co6biTHe A jiokht Ha cbctobom KOHyce co6bithh O). JApa. CBeTono- 
^o6hbix BeKTopa hcbo3mojkho cpaBHHBaTB (kotopbih ^jiHHHee, a KOTopBifi Kopone), 
3a HCKjuoneHHeM cjiynan, Kor^a ohh KOJiJiHHeapHBi. 
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Phc. 9: Ilpeo6pa30BaHHe JIopeHua. 

• x 2 < — npocTpaHCTBeHHono^o6HMfi BeKTop (co6biTHe A jieacuT b yzjajieHHOM co6bi- 
THa O). IIpoH3Be^H no^xcflaiHee npeo6pa30BaHne Jlopemja, mojkho ^oGhtbch Toro, 
htoGbi e^HHCTBeHHofl HeHyjieBoft KOMnoHeHTofl 6bum x l (t. e. htoGbi co6bith2 O h A 

6bIJIH O^HOBpeMeHHbl) . 

Mbi 3HaeM, hto Taxoe KBa^paT BeKTopa x 2 (12. 6p . A kbk Hacker cKajiapHoro npon3Be- 
^eHHH ^Byx BeKTopoB x • yl Ero mojkho onpe,ne,nHTb kbk 

(x + y) 2 -x 2 -y 2 ! x 
x ■ y = = x y — x y . 

B neTBipexMepHOM npocTpaHCTBe-BpeMemi x ■ y = x°y° — x 1 y 1 — x 2 y 2 — x 3 y 3 . IIosTOMy 

HapH^y C KOHTpaBapnaHTHBIMH KOMnOHeHTaMH x M BeKTopa X {jJL — 0, 1, 2, 3) BBCflHT 

KOBapnaHTHBie KOMnoHeHTbi x M : 

Xo = X° , Xi = —X 1 , X2 = —X 2 , £3 = —X 3 . 

Tor^a cxajiapHoe npoH3Be^;eHHe HMeeT npocTofi bkr 

x-y = x> M y fl = x fl y> M , (3.1) 

r^e no noBTopsromeMycH HH^excy (o^hh pa3 CBepxy h o^hh pa3 cmi3y) Bcer^a no,npa3y- 
MeBaeTca cyMMnpoBaHiie ot flo 3. 

BeKTopbi x h y Ha3biBaioTca opToroHajiBHBiMii , ecjin x ■ y = 0. ,U,Ba BpeMeHHno,n;o6- 
hbix BeKTopa He MoryT 6biTb opToroHajibHbi ,n;pyr ^pyry: hx CKajiapHoe npoH3Be^;eHHe 
Bcer^a > 0, ecjin 06a HanpaBjieHbi b Gynymee (hjih b npoinjioe), h < 0, ecjrn o^hh HanpaB- 
jieH b Gynymee, a ^pyrofl b npoinjioe. CBeTono^;o6Hbiii BeKTop opToroHajieH caM ce6e, a 
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TaKJKe BC6M KOJIJIHHeapHbIM C HHM CBeTOnOiTp6HbIM BeKTOpaM. Oh He MOJKeT 6bitb OpTO- 

roHajieH BpeMeHHno^;o6HOMy BeKTopy hjih cBeTono^;o6HOMy BeKTopy, He KOJiJiHHeapHOMy c 
hhm. BpeMeHHno^oGHbiH BeKTop x opToroHajieH npocTpaHCTBeHHono^oGHOMy BeKTopy y, 
ecjiH hx HanpaBjieHHH cHMMeTpHHHbi /xpyr flpyry oTHocHTejibHo cBeTono^oGHofl npHMofl 
(pnc. [TUl) : ecjiH y° = x , y 1 = x°, to x ■ y = 0; opToroHajibHOCTb He HapyniHTCH, ecjiH 
y yMHOJKHTt Ha cKajiHp. ^Ba npocTpaHCTBeHHono^,o6Hbix BeKTopa MoryT 6bitb opToro- 
HajiBHbi /xpyr jxpyry, ecjiH HMeeTcn He MeHee ppyx npocTpaHCTBeHHbix Koop^HHaT: ecjiH 
HaTHHyTan Ha hhx njiocKocTb npocTpaHCTBeHHono^oGHa, to ee reoMeTpna eBKjiH/rpBa, h 

3TH RB& BeKTOpa MOTyT 6bITb OpTOrOHajIBHbl. 




Phc. 10: OpToroHajiBHtie BeKTopti. 



BpeMeHHnoflo6Hbiii BeKTop x ^jihhbi t (x 2 = t 2 ), HanpaBjieHHbiH nqn; yrjioM if k och 
BpeMeHH, HMeeT KOMnoHeHTti ( 12. 5 P x M = t(cosh if , sinh<^) (pnc. [TT]) . To ecTb ero npoeKHHH 
Ha HanpaBjieHHe e M = (1,0) ecTb tcosh'i?. OHa Bcer^a > t; paBeHCTBo flocTHraercs npn 
ip = 0. 









v X 


1 


Pi . 




t sinh if x 1 



Phc. 11: IlpoeKHHH BpeMeHHnojj;o6Horo BeKTopa x Ha och Koop/XHHaT. 

CKajinpHoe npoH3Be^;eHHe ^Byx BpeMeHHno^oGHbix BeKTopoB x h y (6yneM cHnraTb, 
hto o6a HanpaBjieHbi b Gynymee) paBHo fljiime BeKTopa x (to ecTb y/x 2 ), yMHOJKeHHOH Ha 
npoeicujno y Ha HanpaBjieHHe x (oHa paBHa xfy 2 cosh if): 

x ■ y = Vx 2 \/y^ cosh f , (3.2) 

rjj;e ip — yroji MejKixy HanpaBjieHHHMH x ~&y. CKajinpHoe npoH3Bejj;eHHe Bcerjj;a > \/x^\/y 2 ~] 
paBeHCTBo ^ocTHraeTca, Kor/ra ohh KojuiHHeapHBi (if — 0). 
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"OKpy>KHocTb" — 3to reoivreTpHHecKoe MecTo tohck A, yn;ajieHHBrx ot ueHTpa O Ha 
paccTosHHe t. Ona onpe^ejiaeTCH ypaBHemieM x 2 = t 2 , h npe^cTaBjiaeT coGoft rnnep6ojiy 
(pnc. f!2k). OHa HMeeT ^Be BeTBH, b GyzrymeM h b nponijioM, npeflCTaBjiaiouTHe co6ofl npo- 
cTpaHCTBeHHono^oGHBie KpuBBie 5 acHMnTOTaMH hbjihiotch oGpasyiouxHe cBeTOBoro KOHyca. 
BepxHioio BeTBB mojkho napaMeTpHnecKH 3a^aTb KaK 

x M = t(cosh(p,smh{p) . (3.3) 




Phc. 12: "OKpyjKHOcra": (a) x 2 = t 2 ; (b) x 2 = —r 2 . 

Ecjih ace "oKpystHOCTb" HMeeT npocTpaHCTBeHHono,n;o6HBiH paflnyc {x 2 = —r 2 , pnc. 112b). 
to BeTBH — BpeMeHHno^o6HBie KpHBBie, pacnojio>KeHHBie b o6jiacTH y^ajieHHoro. IIpaBaa 
BeTBB napaMeTpHHecKH 3a^aeTC3 KaK 

x^ = r(sinh (p, cosh (p) . (3-4) 

BpeMeHHno^oGHBiH BeKTop (13. 3p opToroHajieH npocTpaHCTBeHHono^oGHOMy BeKTopy H3.4[) 
c TeM ace ip (pHC. HOp . Tohkh, cooTBeTCTByiouxHe yrjiaM ip h p + dp, otctoht ^pyr ot ,npyra 
Ha 

dx 11 = (cosh (p, sinh <p)rdip , 
h pa3flejieHbi BpeMeHHno^oGHBiM HHTepBajioM 

dx 2 = r 2 dp 2 . (3.5) 

To ecTB ^jiHHa pyrn c yrjioM dtp ecTB r dp (k&k h b cbkjih^oboh reoMeTpHn) . 

B TpexMepHOM npocTpaHCTBe-BpeMeHH (^Be npocTpaHCTBeHHBix Koop^HHaTBi) "ccbepa" 
x 2 = t 2 npe^cTaBjiaeT coGofl ^ByxnojiocTHBifi rHnep6ojiOHfl (pnc. [T3a). Oh coctoht H3 
flByx npocTpaHCTBeHHono^oGHBix noBepxHocTefi, o^Ha b GyzrymeM, a ^pyraa b nponijioM. 
"Ccbepa" x 2 = —r 2 — o^hohojiocthbih rnnepGojiOHfl (pnc. [13b), BpeMeHHno^oGHaa noBepx- 
HocTb, jieacamaa b oGjiacTH yzjajieHHoro. B neTBipexMepHOM npocTpaHCTBe-BpeMeHH hx 
HapncoBaTB cjio>KHee. 

PaccMOTpHM cyMMy ^Byx BpeMeHHno^oGHBix BeKTopoB x = OB h y — BA, HanpaB- 
jieHHBix b 6yn;yiu;ee (pnc. |T4"|) . Ha pncyHKe H3o6pa>KeHBi ^yrn "oKpyjKHocTeft": paccTOHHHH 
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a b 



Phc. 13: "Ccpepbi": (a) x 2 = t 2 ; (b) x 2 = -r 2 . 

OT O flO B H flO C OiTHHaKOBbI, KaK H paCCTOHHHH OT A flO B H flO D. OneBH/XHO, HTO 

paccTosHHe ot O ro A 6ojitine, neivr cyMMa paccTOHHHft ot O flo 5 m or B flo A: 

V^x + y) 2 > Vx 2 + ^/y 2 • (3.6) 

PaBeHCTBo ^ocTHraeTca, Kor^a x is. y KOjunraeapHbi; earn BeKTopti x n y cBeTono^;o6Hbi, 
to y/x 2 + y^y 2 = 0. Hhbimh cjiOBaMH, npoeKHHS OE BeKTopa OB Ha HanpaBjieHHe OA 
^jiHHHee caMoro BeKTopa OB (pnc. [XT]) ; tohho Tax :sce, npoeKHHH £M BeKTopa I? A Ha 
HanpaBjieHHe OA ^jiHHHee caMoro BeKTopa BA. 3to HepaBeHCTBo jierxo nojiynnTb h no- 
ixpyroMy: jj;ocTaTOHHO B03BecTH ero b KBaixpaT h Hcnojib30BaTb (13. 2p . 




Phc. 14: HepaBeHCTBo TpeyrojibHHKa. 

JIio6yio BpeMeHHnojj,o6Hyio MHpoByio jthhhio, coe^iHHHiomyio co6bithh O h A, mojkho 
ckojib yro/THo tohho npH6jiH3HTb jioMaHofi. H3 HepaBeHCTBa TpeyrojibHHKa (I3.6P cjie/ryeT, 
hto upHMaa OA HMeeT HanGojibHiyio jj,jiHHy cpe/XH Bcex sthx mhpobbix jihhhh. To ecTb 
BpeMH Meac/xy O h A no nacaM HHepiniajibHoro Ha6jno,naTeji5i Gojibine, neM no nacaM 
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jiio6oro ^pyroro HaGjiio^aTejis, flBHraBHierocH c ycKopeHHeMLj. 

Ecjih y Hac ecTt. opTOHopMiipoBaHHtiH 6a3Hc eo, e\, t. e. TaKoft, hto 

ejj = l, e 2 = -l, e -ei=0, (3.7) 

TO JTfoGoH BeKTOp X MOJKHO no HeMy pa3JIO>KHTb: 

x = x°eo + x ei . (3.8) 

KoMnoHeHTbi Beicropa nojiynaioTcs: npoennpoBaHHeM Ha BeKTopti 6a3Hca: 

xo = x ■ eo , x\ = x ■ e% (3.9) 

(xax mm yace oGcyxc^ajiH, x = x°, x\ = —x 1 ). 

B cHCTeMe oTCHera HHepuHajiBHoro HaGjuo^aTejia 1 , BeKTop eo HanpaBjieH b^ojib MHpo- 
boh jthhhh SToro Ha6 JHO^aTejiH , t. e. Bppjib ero och BpeMeHH: e^ = (1, 0). Hhbimh cjiOBaMH, 
3to BeKTop cKopocTH Ha6jnoflaTejiH 1 (§HJ). BeKTop ei eMy opToroHajieH: e^ = (0, 1). IlycTb 
HMeeTca eme o^hh HHepirHajiBHBiH HaGjuo^aTejiB, MHpoBan jihhhh KOToporo o6pa3yeT yroji 
ip c MHpoBOH jiHHHeii nepBoro HaGjiiOflaTejia (pnc. [T5|) . OpT och BpeMeHH BToporo Ha6jno- 
,n,aTejiH c'q = (cosh ip, sinh if) HanpaBjieH H3 Hanajia KoopflimaT b Tonxy Ha eflHHHHHofi 
OKpyjKHOCTH nofl yrjioM if. OpT och x opToroHajieH eMy: e'/ 4 = (sinh ip, cosh ip), h ero ko- 
Hen; jicjkht Ha oKpyjKHocTH x 2 = — 1. To ecTB opTBi BToporo Ha6jHO,naTejiH nojiynaioTCH 
H3 opTOB nepBoro noBopoTOM Ha yroji (p: 

e' = e cosh ip + e% sinh ip , = e sinh if + e\ cosh <^ . (3.10) 

KoMnoHeHTBi BeKTopa x (13. 8 j) b noBepHyTofi cncTeMe Koop^HHaT jierxo Haft™ npoeuHpo- 
BaHHeM: 

x' = a; ■ e' = a; cosh cp + xi sinh <p , x' x = x ■ e[ = x sinh if + xi cosh . (3.11) 
3to hh hto HHoe kbr npeo6pa30BaHHe JIopeHua ( 12. 8ft . 



4 CKopocTb h ycKopeHHe 

MnpoByio jihhhio nacTHHBi mojkho 3a^aTB napaMeTpHHecKH KaK x^(t). Ee ckopoctb — sto 
BeKTop 

"-TP « 41 » 

r,n;e BeKTop <ix M = x M (t + dt) — x M (t), <ir 2 = dt 2 (pnc. [Ttj]) . IlosTOMy 

*; 2 = 1 , (4.2) 

TO eCTb CKOpOCTb f M (t) — 3TO eflHHH HHBlft KaCaTejIBHBIH BeKTOp K MHpOBOH JIHHHH B TOHKe 

x M (t), HanpaBjieHHBiH b Gynymee. MnpoBaa jihhhh nacTHHBi, ^BHJKyiHeftca: no HHepirHH, 
npHMan: 

= x% + vH . (4.3) 
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Phc. 15: Ilpeo6pa30BaHHe JIopeHija. 



YcKopeHne — sto 



(4.4) 



dt 



,11,11 (pcpepemjiipya (14. 2p . nojiyniiM 



v ■ a = . 



(4.5) 



To ecTb ycKopemie — npocTpaHCTBeHHono^oGHbifl BeKTop, opToroHajibHbift cKopoc™. 
IlycTB MiipoBoft jiHHHefl HacTiirjbi 6yn,eT npaBaa bctbb rrmepGojiBi 



(puc. [T7j) . IlapaMeTpHHecKH oHa 3a^aeTCH k&k x M = r(sinhy2, cosh^). ,ZI,,nHHa ^yrn (t. e. 
BpeMa) c yrjioM dip ecTb r dip (13. 5p . no3TOMy t = rip (earn BBi6paTb Hanajio OTCHera 
BpeM6HH b TOHKe tp = 0). ^HCpcpepeHirHpya: (14. 6p . nojiyniiM x ■ v = 0, to ecTB CKopocTb 

- BpeMeHHn0fl06HbIH BeKTOp, OpTOrOHajIbHblH X. IIpH H3MeHeHHH t OT — oo ,n;o +00 KOHen; 

BeKTopa x npo6eraeT MiipoByio jihhhio 



- npaByio bctbb runepGojiBi. IIpH stom KOHen; BeKTopa v (t) npoGeraeT BepxHioio BeTBb 
rnnepGojibi v 2 = 1, 11 b Kaac^Bift momcht t ocTaeTCH opToroHajibHbiM x(t), to ecTb xapaK- 
TepH3yeTca TeM yae yrjioM ip (pnc. [TT|) . KoHeHHO, tot yae pe3ynBTaT mojkho nojiy^HTb, 

1 3to HHorfla Ha3tiBaiOT "napaflOKCOM 6jiH3Hen,OB". IIo-MoeMy, b tom, ^to ,n,Be tohkh mojkho coefliiHHTb 
KpHBbiMH pa3Hoii fljiHHbi, HeT HHHero napa,n,OKcajibHoro. 



(4.6) 




(4.7) 
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x»(t + dt^/dx^ 
x^(t). 



npo^H(J)4)epeHij,HpoBaB (14 .7|) : 



Phc. 16: CKopocTb. 



v^(t) = ( cosh-,sinh- 



(4.8) 



YcKopeHHe a^(t) opToroHajiBHO t' M (t), h noTOMy HanpaBjieHO b^ojib x^(t). To ace mojkho 
nojiynnTB ^H(p(pepeHn;HpoBaHHeM (I4.8P : 



o"(*) 



- ( sinh -, cosh - J = - \ - . 



(4.9) 



IIo9TOMy a 2 = — 1/r 2 hoctohhho; Taxoe ^BHxceHHe ecTecTBeHHo Ha3BaTB paBHoycKopeH- 

HBIM. 




Phc. 17: PaBHoycKopeHHoe /jBHaceHne. 



5 Hivinyjibc h bojihoboh BeKTop 

KajK^aa HacTHH,a xapaKTepH3yeTcs cBoeii Maccoft m. BeKTop 



(5.1) 
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Ha3L»iBaeTC3 HMnyjit.coM. Hhhmh cjroBaMH, HMnyjibc — sto KacaTejitHBift BeKTop k MHpoBoft 
jihhhh ^jihhbi m, HanpaBjieHHtift b Gynymee: 



p 2 = m 2 . (5.2) 

Bee B03Mo>KHBie BeKTopBi HMnyjiBca ^acrauBi o6pa3yioT nacTB "ccpepbi" ( I5.2p . jiexcamyio 
b GynyineM (pnc. fT3a). oHa Ha3biBaeTCH MaccoBoft noBepxHocTbio. 

Be3MaccoBbie nacTHHBi HMeioT CBeTonojj;o6HBift HMnyjibc: p 2 = 0. HanpHMep, (|>otoh 
HMeeT m — 0. MnpoBBie jihhhh 6e3MaccoBBix nacTHii; cBeTonojj;o6HBi. JIioGoft HHTepBaji 
BpeMeHH bjj;ojib TaKoft MHpoBoft jihhhh paBeH 0; nosTOMy jj;ji5i hhx HeB03Mo>KHo onpejj;ejiHTB 
cKopocTb. HMnyjibc, o/XHaKo, xoponio onpe^ejieH, h hbjihctch KacaTejiBHBiM BeKTopoM k 
mhpoboh jihhhh. MaccoBas noBepxHocTB nacTHHBi c m = — 3to cb6toboh nojiyKOHyc 
Gyzrymero (pnc. [5]). 

B cHCTeMe oTcneTa HexoToporo HHepuHajiBHoro Ha6jnojj;aTeji5i p^ = (E,p), rjj;e BpeMeH- 
Haa KOMnoHeHTa E Ha3biBaeTCH sHeprneft, a npocTpaHCTBeHHbie KOMnoHeHTbi o6pa3yioT 
TpexMepHbili HMnyjibc p. Ohh CBH3aHbi KaK p 2 = E 2 —p 2 = m 2 . To ecTb SHeprna nacTHHbi, 
HMeioineft HMnyjibc p 11 , c tohkh 3p6HHH Ha6jnoja;aTejiH co cKopocTbio v M ecTb E = p ■ v. 

PaccMOTpHM pacnaio; nacTHnbi c Maccoft m Ha iXBe nacTHHBi c MaccaMH mi h 777.2. Hx 

HMnyjIbCbl CBH3aHbI 3aKOHOM coxpaHeHHH 

P = Pi+P2- (5.3) 

rio HepaBeHCTBy TpeyrojibHHKa ( 13. 6 p m > mi + m 2 . KaxoBa sHeprna HacTHnti 1 b CHCTeMe 
noKOH pacnaflaiomeftcH nacrnHbi? nepennnieM 3aKOH coxpaHeHHH (15. 3p b BH^e p — p\ = P2 
h B03Bejj;eM b KBa^paT: {p — P\) 2 = m 2 + m\ — 2p ■ pi = m\. Ho p ■ P\ = mE\, noaTOMy 

Eh = m2 + <-< . (5.4) 
2m 

Tohho Tax yae 

m 2 + mi — 777? 
E 2 = (5.5) 

jierKO npoBepHTb coxpaHeHHe SHepran E\ + E2 = m. TpexMepHbie HMnyjibCbi npo^yKTOB 
pacnajj;a b CHCTeMe noKOH p npoTHBonojioacHbi: pi + P2 = 0; no Mo/xyjno ohh paBHbi 

^0 rn2 2 rn2 2 (m + mi + 777 2 ) (m - 772-1 - 777 2 ) (m + 772-1 - 777 2 ) (m - 77li + 777 2 ) 

p =E x -m x = E 2 -m 2 = — . 

(5.6) 

HanpHMep, b pacna^e 7r° — > 77 Maccbi (J)otohob mi = 7772 = 0, h E\ = E2 — m/2. 
Tenepb mm paccMOTpHM bojihbi. njiocxaa Bojma 

e~ ik - x (5.7) 

xapaKTepH3yeTCH bojihobbim BeKTopoM k. Ecjih k 2 > 0, to mojkho nepeftra b cncTeMy 
noKOH, rjj;e k = (k°,0). B Heft Bojma (15. 7p npeflCTaBjiseT coGoft KOJieGaHHH e~ lk ° x ° , chh- 
xpoHHbie bo BceM npocTpaHCTBe (pnc. HSk). B npoH3BOjibHoft cncTeMe OTcneTa, noBepx- 

HOCTH nOCTOHHHOft <pa3BI (HanpHMep, MaKCHMyMBI, MHHHMyMBI H HyjIH Jj;eftCTBHTejIBHOft 
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nacTH bojihbi (15. 7p ) npeflCTaBjiaioT co6oft npocTpaHCTBeHHono;i;o6HBie hjiockocth, opToro- 
HajibHbie BOJiHOBOMy BeKTopy k (puc. [T8b). Ecjih k 2 = (kbk fljiH sjieKrpoMarHHTHBix 
bojih), to cHCTeMBi iiokoh He cymecTByeT. B stom cjiynae njiocKOCTH hoctohhhoh cpa3Bi 
cBeTono^;o6HBi, h cBeTono^oGHbifi BeKTop k jicjkht Ha TaKofi njiocKOCTH (pnc. [TB"b). 







\ / 






^ > 

















Phc. 18: IIjiocKHe bojihbi: bojihoboh BeKTop k h njiocKOCTH hoctohhhoh (pa3Bi. 
HaGjiio^aTejib co cxopocTBio v HMeeT MHpoByio jihhhio x = vt. Oh BocnpHMeT boji- 

Hy (15 -7P KBK KOJieGaHHH e~ lUJt C HaCTOTOH U = k ■ V. HaCTOTbl BOJIHbl C TOHKH 3peHHH 

pa3Hbix Ha6jHo^;aTejieH pa3JiHHHBi (acpcpeKT /I,onnjiepa) . 

B KBaHTOBOH TeopHH HeT TpaiXHHHOHHOrO fljia KJiaCCHHeCKOH (pH3HKH pa3JIHHHH Meac^y 
HaCTHHaMH H nOJIHMH — KBaHTOBBie nOJIH o6b.e^HH5HOT 3TH nOHHTHH. 3jieMeHTapHOe B03- 

6y>K^;eHHe (KBaHT nojin), cooTBeTCTByiouxee njiocKoft BOJiHe (15. 7p c bojihobbim BeKTopoM k, 
ecTb nacTHua c HMnyjibcoM 

p = k. (5.8) 

3to cooTHonieHHe ,a,e Bpofljia b ecTecTBeHHtix e,THHHH,ax h = 1. Tax hto iXBa BeKTopa, 
KOToptie mbi o6cy>K^;ajiH b stom naparpacpe, ecTB Ha caMOM /i;ejie o/xho h to jkc 

3aflana. Ootoh c SHeprneii E pacceHBaeTca Ha yroji $ Ha noKOHineM csi sjieKrpoHe. 
Hafi^HTe sHeprnio E' pacceaHHoro cpoTOHa. 

PeiiieHne. IlycTb HMnyjibCbi HanajiBHBix sjieKTpoHa h cpoTOHa 6ynyT p h k, a kohchhbix 
p' h k'\ 

p + k = p' + k'. (5.9) 

IlepenHHieM 3aKOH coxpaHeHHH HMnyjibca b BH/j;e p + k — k' = p'n B03Be^eM ero b KBa^paT: 
(p + k — k') 2 = m 2 + 2p ■ k — 2p ■ k' — 2k ■ k! = m 2 . B cncTeMe noKOH HanajiBHoro sjieicrpoHa 
p = (m,0), k = E(l,n), k' = E'(l,n'), r^e n, n' — ejxiiHHHHBie TpexMepHBie BeKTopbi b 
HanpaBjieHHH jxbhjkchhh HanajibHoro h KOHeHHoro cpoTOHOB. IIosTOMy p ■ k = mE, p ■ k' = 
mE', k ■ k' = EE'(1 — cos$), h mbi nojiynaeM 

J__ 1= l-cos^ 

E' E m y ' 

A Macbi 

Ecjih HaGjuo^aTejiB Hecer c coGofl nacTHiry MaccBi m, to ee BOJiHOBaa cpyHKHHH 3aBHCHT 
ot BpeMeHH Kax e~ tmt . O/XHaKo cpa3a bojihoboh cpyHKHiiH He mojkct 6bitb H3MepeHa, h 
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nosTOMy He mojkct HcnojiB30BaTBCH b KanecTBe nacoB. 

/lonycTHM, Ha6jiioflaTejiB b3hji c co6oh MenioK cBejKenpnroTOBjieHHBix B® Me30HOB. 
Ohh (keik h Bg Me30HBi) He hmciot onpe^ejieHHofi MaccBi, a npe^cTaBjiHioT co6ofl cynep- 
no3HHHio B® H h B® l Me30HOB: 

\B° sH > + \B° sL > -o \B° aH > - \B° eL > 
\B S > = ^ , \B S > = - ? = . (A.l) 

B Q sH h Bg L Me30Hbi HMeioT onpe^ejieHHbie MaccBi m S H h m S L. IIoaTOMy no nponiecTBHH 
BpeMeHH t cocToaHHe HacTHHBi, KOTopasi 6Bijia B® Me30HOM npn t — 0, 6yn,eT 



\B° s (t)> 



-im aH t^0 _|_ e -im sL t |^° L > 



■ a ^ a n (A.2) 

Amt . . Ami - 
cos LET> - i sin LB"> 



r,n;e m = (m s # + ^ s l)/2, Am = m s # — m s ^. To ecTB 3Ta HacrHH,a 6yn;eT B® Me30HOM c 

BepOHTHOCTBK) COS 2 ( Am t/2) H B° g Me30HOM C BepOHTHOCTBK) SHI 2 ( Am t/2) . BepOHTHOCTH 

pacna^oB, xapaKTepHBix fljia B° s h B®, 6ynyT cooTBeTCTBeHHo ocuHjijinpoBaTB. Ilo^cHHTaB 
hhcjio 3thx ocijhjijihhhh, mojkho H3MepHTB npoMe:>KyTOK BpeMeHH Mex^y ,n;ByMH coGbith- 

HMH. 

PeajibHbie aTOMHBie nacBi ho^oGhbim o6pa30M HcnojiB3yioT pa3HocTB Mace ppyx cTanH- 

OHapHBIX COCTOHHHH aTOMa. 

B Koop^HHaTbi CBeTOBoro 4>poHTa 

HHor^a ynoGHo bmccto komhohcht x°, x l BeKTopa x b opTOHopMHpoBaHHOM 6a3Hce hc- 

nOJIB30BaTB 

x + = x° + x 1 , X- = x° — x 1 . (B.l) 
J\jiii co6bithh A Ha pnc. [SJ x + = t 2 = te^, x_ = ti = te~ v . KBa^paT BeKTopa x 

x 2 = (B.2) 

paBeH t 2 . J\jik BpeMeHHno^o6Horo BeKTopa x, HanpaBjieHHoro b 6ynyiu;ee, x + > h x_ > 
0; aHajiorHHHo , oGjiacTB nponijioro onpe^cnaeTCH HepaBeHCTBaMH x + < 0, x_ < 0, a b 
oGjiacTH yuajieHHoro sth komhohchtbi hmciot npoTHBonojio>KHBie 3HaKH (pnc. H]). 

Koop^HHaTBi x' + , x'_ co6bithh A oTHocHTejiBHo Ha6jHo^;aTeji3 2 (pnc. |9]) BBipaxcaioTCH 
nepe3 ero KoopfljmaTti x + , X- othochtcjibho Ha6jno^i;aTejiH 1 cpopMyjiofi ( 12. 7ft : 

x' + = x+e^ , x'_ = X-e^ . (B.3) 

ripn 3tom x 2 ( IB. 21) ocTaeTCH HHBapnaHTHBiM. 3Ta cpopMa 3anncH npeo6pa30BaHHH Jlopemja 
SKBHBajieHTHa ( 12.81) . ho BbirjiaflHT npome. 
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"OKpyjKHOCTb" = t 2 npe^cTaBjiaeT co6oft riinepGojiy (puc, ll"2a); ee BepxHioio 

BeTBb mojkho napaMeTpiiHecKH 3a,naTb KaK 



x + = tef 



X- = te~ 



AHajiorHHHo, npaByio BeTBb "oKpyacHocTii" x 2 = x + X- = —r 2 (pnc. fT2b) napaMeTpniecKH 
mojkho 3a^aTb KaK 



x + = re* 



X- = —re 



CKajiapHoe npoH3Be,n,eHHe (13. ip b Koop^HHaTax CBeTOBoro (ppoHTa HMeeT bh,h, 

1 / \ 

x ■ y = 2 y x +y- + x -y+> ■ 



(B.4) 



BMecTo opTOHopMHpoBaHHoro 6a3Hca eo, &\ BBe^eM 6a3nc H3 ppyx cBeTono^;o6Hbix bckto- 

pOB 



e+ = e - e\ 



eo + ei ; 



1 / \ 1 , 

e o= 2-( e + + e -) ' e i = 2( e +~ e - 



OHH y^OBJieTBOpHIOT CBOHCTBaM 



ei = e 2 = 



e i • e. 



JIio6oh B6KTop x mojkho pa3Jio>KHTb no 3TOMy 6a3Hcy (piic. HHJ): 



(B.5) 



(B.6) 



x = - (x_e+ + x + e_) 



KOMnoHeHTBi Bti^ejiaioTca npoeu,npoBaHiieM: 



rf ,y /j 



x_ = x • e_ . 



(B.7) 



fB.8) 




Phc. 19: Koop^HHaTbi CBeTOBoro (ppoHTa. 



Ecjih MnpoBan jihhh3 BToporo HHepuiiajibHoro HaGjiio^aTejiH o6pa3yeT yroji (p c Mnpo- 
boh jiHHHefl nepBoro, to 

e'_ = e.e^ , e' + = e+e" 1 ^ , (B.9) 
h KOMnoHeHTBi B6KTopa x bo BTopoli cHCTeMe oTcneTa ^aioTca (popMyjiofi (1B.3[) . 
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